Introduction
The study of the metabolism of Azotobacter has been generally approached from the standpoint of the r6le of this organism in the nitrogen cycle in Nature, but the fact that the ability to fix free nitrogen is regulated by the presence or absence of combined nitrogen in the medium has not been given serious attention although it is made plain in the works to be cited. Bejierink and Van Delden (1902) have shown that Azotobacter chroococcum possesses the power to transform nitrates directly into ammonia and Lipman (1903) , Stoklasa (1908) , Stranak (1909) and Heinze (1906) found that small quantities of nitrates "stimulated" nitrogen fixation by this organism. If the property of nitrogen fixation were a function of the normal life cycle, it seems strange that, although of vital importance, it should be overcome with such facility. In this connection the data presented by Hills (1918) are most instructive. The accompanying table is a recalculation of the data given by him on pages 200-203 of his contribution, and is chosen as it is the only one given which was obtained by the use of a synthetic medium.
From this compilation we see that in presence of abundant stores of nitric nitrogen Azotobacter does not fix atmospheric nitrogen but assimilates the nitrogen of the nitrates. A close study of the original data shows that in the presence of ammonium nitrate the organism has a preference for the nitrate radicle leaving the ammonium radicle untouched.
The most important feature of the recalculated data, and one that the author apparently overlooked, is the one presented in the last column of table 1. A very appreciable "loss" of nitrogen takes place from the cultures, either as free nitrogen or as a volatile nitrogenous compound. It is assumed that the cultures used by Hills were pure.
Greaves (1918) in his recent review of this work seems not to consider this important phase of the metabolism of Azotobacter. After this very brief survey of the data in question it may be well to recall a statement which appeared in a previous communication from this laboratory (1915) to the effect that A. chroococcum may be a fixer of atmospheric nitrogen only under such conditions as we call "normal," i.e., in absence of fixed nitrogen and a denitrifier when such conditions are changed, i.e., when there is a possibility for it to consume nitrate under naturally normal conditions. In our present study of the literature we have excluded purely agronomic investigations and have considered only studies which have been made under conditions of control-such as to give results of fundamental importance. Historical A simple study of the relation of the carbon consumed to the nitrogen fixed has only a limited value, and this is especially true when we consider the great variations in the nitrogen fixing power of the same organism under different conditions. The quality of the carbohydrate utilized in the experiment and its relation to the fixation of nitrogen have received considerable attention but it should be stated nevertheless that the ratio C:N, as often reported in the literature, has no absolute value since the determination of the carbon actually utilized has not been attempted, a complete consumption of all the carbohydrate originally present having been assumed.
Furthermore it must be stated that by following the practice of allowing all the carbohydrate to disappear from a solution the cultures are submitted to a negative phase, one of actual starvation which, as will be seen later vitiates the results of the experiments.
The excellent work of Koch and Seydel (1912) on the influence of the concentration of carbohydrate is typical of the results to be obtained when the concentration of sugar and time of incubation are made elements in an experiment. In fact from their work it is evident that each period of incubation. has an optimum concentration of sugar a finding that makes it impossible to draw definite conclusions from data obtained with a given sugar concentration and an arbitrary number of days of incubation. Stoklasa (1908) , using glucose as a source of carbon, concludes that the products of carbohydrate attack by Azotobacter are: ethyl alcohol, formic acid, acetic acid, butyric acid (only once in anaerobic conditions), lactic acid, carbon dioxid and hydrogen. From his data it would appear as if the glucose actually incorporated by the cells during the period of his experiments should be represented by 
6.5110
But Stoklasa sums up his observations by stating that he cannot account for this quantity of 6.5110 grams of glucose and that probably not all the by-products were determined. A second possible reason for such unaccounted for glucose he assumes to be found in the inaccuracy of the methods for the determination of the by-products (volatile and non-volatile acids).
To reconcile this work with the statements of Omeliansky and Sewerowa (1911) is impossible if we assume both groups of workers to be working with pure cultures of the organism in question. Although statements as to the purity of his cultures were made by Stoklasa, the fact that hydrogen in the free state was found to be generated in appreciable quantities, as well as butyric acid, in some cases, would tend to make this purity questionable.
If now we consider in this connection the work of Krzmieniewsky (1908) we have a series of most interesting data that bring out two very striking features: 1, complete lack of hydrogen production and, 2, striking difference in the CO2:02 ratios resulting from the utilization of glucose and mannitol. One feature of this work which deserves special attention is that the ratio of CO2 formed to nitrogen fixed is not constant. Expressed in other words there does not exist a constant C :N ratio for Azotobacter. The nitrogen fixation from the atmosphere is such that it cannot be considered as a normal and essential function, necessary to the cell economy of the organism, but rather as an incidental or secondary factor in the cell metabolism. As an addendum to the main bulk of his work Krzmieniewsky mentions a series of experiments which fail to corroborate the findings of Stoklasa, with regard to the formation of by-products, and cast thereby additional doubt on the purity of the cultures of the latter investigator. That this difference in the metabolism (production of organic acids and alcohols) may not be due to differences in the organisms studied or, necessarily, to impurities is shown by some of the data presented by Maz6 (1902) .
That an organism such as Eurotiopsis gayonii is capable of changing its physiology and the nature of the by-products of its life activities (under anaerobic conditions performing only the process of intramolecular respiration) would tend to convince us that Stoklasa might not have been working with impure cultures but may rather have been growing his cultures under conditions of anaerobiosis. That such a process of anaerobi6sis is possible in Azotobacter may be postulated when we consider the work of Maz6 on the assimilation of glycerol, lactic acid and aldehyde by Eurotiopsis.
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Nevertheless, although lactic acid and alcohol could be assumed as by-products of an abnormal physiology of Azotobacter, the production of hydrogen and butyric acid suggests a contaminating form.,
The fact that Azotobacter gave a ratio CO2:02 of about unity in Krzmieniewsky's work does not in itself indicate that all the carbohydrate consumed is utilized in a process of combustion. In fact, it is unfortunate that with such a careful study of the gaseous exchange in their cultures these authors were not in a position to present data showing the actual disappearance of the carbon source from the solutions.
If we consider the carbon balances in the mathematical terms introduced by Duclaux (1900) we obtain the following equation.
where S is the quantity of sugar consumed, L the weight of the cells at the end of the incubation period, 1 that quantity of cellular substance that constitutes the average throughout the period of experiment, m the quantity of sugar actually to be found in the mass of one unit of cellular substance, n that quantity of sugar necessary for the maintenance of one unit of cellular substance during the unit of time t. Omeliansky and Sieber after a study of the composition of the cells of Azotobacter (1913) The above analysis of the literature leads us to the following considerations: a) the C:N ratio of Azotobacter is an inconstant value, b) the metabolism of this organism is not as yet well understood, c) the nitrogen fixng capacity of this organism seems to be a function of secondary importance in the cell economy. The total volume of the apparatus was 3290 cc. and since 100 cc. of solution were used, the total volume of air over the solution was 3190 cc. If we assume that the consumed oxygen was utilized wholly in the process of sugar combustion we obtain the balances shown in table 5. Here again we see indications of an intramolecular respiration taking place with a consumption of sugar above the theoretical.-Comparing now the data from the two experiments mentioned above we have table 6.
It seems evident therefore that the cells of Azotobacter besides retaining abundant stores of the carbohydrate with which they are placed in contact secrete or produce in the surrounding medium compounds, the nature of which has not been determined. Before attempting to study these compounds we shall enter into a closer analysis of the above experiments. Expressing the quantity of unaccounted for sugar in terms of percentage of the amount of sugar actually disappeared from solution we obtain table 7.
, It is obvious that no relation whatever exists between the sugar unaccounted for and the CO2 formed in excess of the theoretical, and from table 7 we gather that the addition of nitrogen in the form of Ca (NO3)2 has induced a profound change in the physiology of Azotobacter. That the nitrogen is actually consumed during the process of growth could be assumed from the published works of other authors, but to obtain more specific results we may summarize the data obtained on the above mentioned cultures (table 8) .
The transformation of nearly 10 mgm. of nitric nitrogen into organic nitrogen (which was probably in part organized) is directly connected with the carbohydrate consumption and with the stores of carbon in the cell body and by-products. If such soluble and insoluble material were actually formed it should be possible, by stopping fermentation in its early stages or by an oxygen hunger, to obtain a carbon balance showing a greater disappearance of sugar than can be accounted for by the actual oxygen consumption; and the carbon dioxid production should be correspondingly diminished. That this is what actually happens is shown by the following experiment. If now we consider all the oxygen disappeared to be used in a process of combustion such as is expressed in equation 2 on page 338, we have the data given in table 11.
In the above data we find confirmation of the hypothesis expressed above. Azotobacter utilizes the sugar first in the building up of its cell substance and the preparation of nonreducing substances; and slowly digests these "stores" of carbonaceous material in the process of later development in the presence of oxygen. It is also reasonable to assume that the energy resulting from this oxidation is utilized in further growth. If this were actually the case, it should be possible to follow these various steps and the coincident disappearance of sugar at close intervals of time, in a solution undergoing active fermentation; The growths thus obtained were emulsified in 0.75 per cent NaCl solution and aseptically placed in sterile test tubes. Slides of this bacterial suspension were prepared immediately and after forty-two and one hundred and fourteen hours' standing in the incubator. They were stained by means of the Giemsa solution which stains well the peculiar granulations studied in a previous communication (Bonazzi, 1915) . Examining fifty microscopic fields at random on each of the glides so prepared, and counting the number of cells containing granules (granulated), those free of granules and those in which the granules have partially disappeared (transitional) the following data were obtained.
The cells here classed as transitional are those in which the granules had nearly disappeared or were greatly diminished in size and could well be classed among the ungranulated. If this were done the following table would be obtained.
From these data it seems evident that the stores which were accumulated by the cells during the first twenty-four hours of development on a complete medium were subsequently attacked when no more sugar was at their disposal. Nevertheless it must be stated that the granules may not be the only stores of the Azotobacter cell, and it is very probable that theheavygelatinous capsule described by various authors is also a storing as well as a protecting organ. Addition of carbohydrate to a culture that has come to a standstill will result in a new utilization of the carbon source with further growth. The first compounds resulting from the first utilization of the sugar had probably all been utilized during the first thirty days of incubation and only such by-products as the cells could not well utilize were to be found when the culture received the fresh supply of sugar; that these were not inhibitive is shown by the utilization of the sugar in the second period as well as by the additional growth. Their nature will be studied elsewhere, and at present it is sufficient to state that they are formed through the cell activity. Before entering into a discussion of the above data other experiments will be related. % Experiment 81. Twenty-five cubic centimeters of the solution mentioned in the previous experiment were placed into 1500 cc. Erlenmeyer flasks together with 0.25 gram of CaCO3 and sterilized, inoculated with equal and very small quantities of fig. 6 ). The term "ferment power" is here used to designate that quantity of sugar consumed by the unit of dry cell substance in the unit of time under the conditions of the experiments. This concept leads us to the conclusion that during the early stages of 352 development in a culture there is a greater transformation of the crude food substances than during the later stages, a conclusion that is corroborated by the opinion expressed in the previous pages.
We see thus: 1, that the term "ferment power" should not be considered as a function, constant throughout the life cycle of Azotobacter and, 2, that an organism such as this is capable of utilizing the carbohydrate of a culture in a process of "storage" or transformation without a corresponding cellular development.
General considerations on carbon relations
In the preceding pages we have assumed that that quantity of sugar carbon as such which disappears from the solution is to be found in the cells and their by-products. That it is not to be found in the cells themselves is shown by the high coefficient of "ferment power" in a young culture of the organism in question, since this value is based on that quantity of sugar that is "consumed" by the unit of cell substance in the unit of time.
Objection could be raised to the conception "unit of cell substance" only on the basis of numbers of active cells since the law of multiplication, when all factors remain equal during the duration of the experiment, makes the number of cells found at the end of an incubation period equal to the number that has been active throughout this period, provided the number of cells at the beginning is considered as unity.5
Nevertheless the final weight of cellular dry matter in a culture represents the algebraic summation of the two opposite phenomena of anabolism and catabolism, a value related not only to the size of the inoculum itself, but also to the activity of the organism concerned.
In other words, it furnishes an index both of the "growth capacity" of the organism and its ability to build living bacterial substance, as well as of its actual capacity as a-ferment. 6Expressed in terms of equation: N = n -1 where N is the number of units at the end and n is the number of units actually active during the whole period of incubation, each unit of the same number of cells as the original inoculum which has multiplied in geometrical proportion on incubation.
We thus see that the sugar lost from a culture in the early stages of development passes through the cells in large quantities and is transformed into compounds which do not form integral part of the cells themselves but are dissolved in the medium. The curves of CO2 production given by Krainsky (1908 Krainsky ( , 1910 might indicate the close relation between this function and growth, which is pointed to by the values of the ferment power here obtained.
This conception constitutes the conclusion to be drawn from the discussion and closes, temporarily, the chapter on carbon relations of Azotobacter. That it appears contrary to the conclusions of Krzmieniewsky and Omeliansky and Prazmowsky is evident, but it should be remembered that their search for soluble by-products was performed ten days after the start of the experiments,-probably when they had been already utilized. This is significant in view of the fact that we failed to find volatile acids in our cultures in conformity with the findings of the above mentioned investigators.
Nitrogen relations-Attack on nitrates by Azotobacter
The organism with which these investigations were undertaken was an organism from the Wooster soils that when grown in twenty-five cubic centimeters of Ashby solution (1 per cent mannitol) in 150 cc. Erlenmeyer flasks and incubated for fiftynine days at a temperature of 28°C. possessed a low nitrogen fixing capacity.
Experiment 15. Incubation was done on a klnostat where the solution was kept in continual movement and the layer of solution was never above 0.5 cm. deep. (Bonazzi, 1919 .) The organism proved itself to be a nitrogen fixer in the ordinary sense of the term, as it was found capable of utilizing the atmospheric nitrogen. The mannitol in these cultures was not all consumed and it was impossible to study the nitrogen fixation per gram of mannitol consumed.
From the work of the various investigators quoted in the first part of this memoir, it can be seen that Azotobacter chroococcum may utilize nitrates when grown in their presence. From the data reproduced as table 1 of this contribution Hills draws the following conclusion: "In regard to the fixation of nitrogen by these strains of Azotobacter it was found that nitrogen was assimilated both in presence and absence of nitrates. It seems evident that sodium and ammonium nitrate in the amounts studied did not prevent the fixation of the atmospheric nitrogen. In fact the presence of these salts seemed to stimulate the process." Again emphasis is placed on this interpretation when the author states: "However in contrast to the work of Stoklasa, both strains of Azotobacter assimilated more atmospheric nitrogen in presence than in absence of these salts."
From In addition the analytical data point to the incorrectness of this view.
It is a common experience to see a good development of Azotobacter in cultures containing nitrates while poor development takes place in cultures containing no nitrate. For the sake of argument we may assume that the nitrate acts solely in virtue of the stimulation it is supposed to exercise on the nitrogen fiing power of the organism. This increase in the nitrogen fixng power, if present at all, is relatively small and amounts to only 200 to 500 per cent of the original fixation; a stimulation that, when we consider the small original fixation, is relatively small. Although actual data are wanting, we may assume this stMulation to amount to 500 per cent (see the data of Hills on the influence of nitrates on the nitrogen fixation in sterilized soils). A relative increase of 500 per cent in nitrogen fixation brought about by an increase in the number of active cells of 3150 per cent represents an inconceivable stimulation in the fixation of nitrogen, every cell actually fixing less nitrogen in presence than in absence of the fixed nitrogen. It must furthermore be admitted that such a nitrate addition stimulates growth in a different measure than it does nitrogen fixation. Here again we obtain proof of the fact that the nitrogen fixing capacity of the cell is not intimately connected with the function of growth and reproduction.
If the stimulation hypothesis is to be accepted how are we to consider such a difference in these two powers? We are in reality more justified in considering the nitrates as stimulating (or better still aiding) growth in the first place. Basing our working hypothesis on the physiology of the organism we see that the nitrates increase growth of the cells and their multiplication with a corresponding increase in sugar consumption, and -in this process the nitrates disappear to be later found in the organic form, and only after such a phenomenon has taken place does the atmospheric nitrogen fixation really become active.
Experiment 27. Fifty cubic centimeter portions of a solution of the following composition were placed into 500 cc. Kjeldahl flasks together with 0.1 gram CaCO3. The tabulated results require no further comment than has already been made. The nitric nitrogen is all, or nearly all, found in the form of organic or organized nitrogen.
The fact has thus been established that the nitrate nitrogen is organized by Azotobacter in its process of growth but no insight has been gained as to the modus operandi of this attack. A review of the reported data on nitrogen relations seems to point to the fact that the organism assimilates the nitrate in its early stages thus causing a loss of nitrogen from the solution, but later when the source of combined nitrogen is exhausted or nearly exhausted, a second physiological phase sets in, in which the cells assimilate atmospheric nitrogen, replacing thereby the losses which the solution underwent in its early stages. by the presence or absence of combined nitrogen in the solution. These carbon relations are in reality so closely connected with the nitrogen relations that to treat them separately would make the discussion abstract and unsound. The fact that the cells seem to attack the sugar with a respiratory quotient of CO2:02 = 4 1 is apparently misleading and is not corroborated by a study of the sugar consumption. As we have seen we are forced to admit a first phase in the sugar metabolism, a phase that could well be named one of preparation, one in fact in which the sugar is worked up and changed into a compound or compounds of a non-reducing nature. From the study of the gas exchanges, it appears that the presence of nitrates aids in the better utilization of the sugar. (Tables  7 and 11.) In this first stage, the "ferment power" of the organism is great and it is probably in this stage too, that the nitrates play an important r6le; in fact it is at this stage that the nitrate assimilation is at a maximum and evidence leads us to believe in a close relationship and interdependence of the two exalted functions, high "ferment power" and nitrate disappearance. Our filtration experiments before inoculation give us a proof of the paramount importance of nitrates in the process of sugar utilization, and, although the interpretation to be given to these facts is as yet unknown, evidence leads us to the belief that nitrates perform an intermediary function in the sugar fermentation and assimilation and it may well be that this preparation stage is directly dependent upon the formation of sugar-nitrate complexes analogous to the phosphate sugar complexes of Harden and Young. In Allen's ifitered solutions phosphates proved indispensable probably on account of their necessity in the formation of complexes of the hexose-phosphate type. The fact that nitrates proved to behave in a like manner leads us to the belief that Azotobacter cells may be capable of attacking complexes of the hexose-phosphate type as well as some homologues that involve the nitrate radicle. AUGUSTO 
IONAZZI
The difference between the action of phosphates on zymase action and of the nitrates on cell metabolism lies in the fact that the nitrate proves to be actually organized by the cells whereas the phosphate in the work of Harden and Young is merely provisionally tied in an undisturbed form.
That this difference might be due to the fact that in the one case we are dealing with a "figurated" ferment while in the other we are only in presence of specific enzyme is not to be overlooked and investigation along this line may prove to us the possibility of this line of reasoning. In fact, the localization of the organized nitrogen in the Azotobacter cultures might be intracellular as well as extracellular and studies on this point would enhance our knowledge of the physiology of the organism concerned. Such studies are now under way in this laboratory.
In the second or maintenance phase, such complexes appear to be reworked, partially burned, partially utilized in the building of cellular substance and partially secreted in the surrounding medium in the form of soluble by-products. During this phase the nitrogen is actually assimilated, directly contrary to the belief of Hills.
A loss of nitrogen appears to take place during the first phase, a loss which, if slight, may be again made up in the second phase of development. The complication brought about by this first phase in the interpretation of the results does not render the term "ferment power" valueless or render useless the meaning adopted by Duclaux for this term but is only an example of what should be expected when studying the physiology of bacteria. Examples of a similar nature are not wanting in other branches of science and mention need only be made here of the limited value of the respiratory quotient in the study of the physiology of the Crassulaceae among plants and of Ascaris and Lumbricus among animals.
In concluding a word may be said of the practical interpretations of the above findings.
The activity of Azotobacter as a fixer of atmospheric nitrogen in the field is not easily demonstrated. Actual gains due to this organism in the nitrogen contents of a soil in the field are seldom positively shown whereas it would be assumed that a nitrogen fixation from the atmosphere by the action of non-symbiotic nitrogen fixers should take place at an active rate to judge from laboratory experiments made in selective media and in absence of combined nitrogen. Yet a study of the subject will show that soils are only exceptionally free of nitrates* and that these are easily washed away. It is therefore the belief of the present author that Azotobacter rather than serving as an active nitrogen (free) gatherer, may act to imobilize the nitrate nitrogen, taking the upper hand over the denitrifiers, and, to a considerable extent, stopping the mentioned percolation.
By this it should not be understood that the organism is hereby assumed to be lacking in all power of nitrogen fixation, but only that this function is not to be considered as an allimportant phenomenon always active to the full benefit of man and to the detriment of the active organism itself, as it appears that " all" organisms choose the line of least resistance for obtaining and assimilating their food; and microorganisms are not an exception to the rule in spite of the arbitrary classification that is made of them into "beneficial" and "non-beneficial."
That these experiments were made in solution does not detract from the conclusions derived therefrom, since we have seen that an obligate aerobic function such as nitrite formation, when studied by the methods used in this memoir may be advantageously compared with this function in soils.
IV. METHODS
A word is probably necessary on the methods used in the analysis of the cultures. The procedure used for, the determination of ammonia, nitric and organic nitrogen on the same sample has been outlined by Davisson elsewhere (1918) . The ammonia determinations were done by aeration over 5 grams sodium carbonate and subsequent distillation into standard acid. Subsequent treatment of the material in the aeration flask with 2.5 cc. of concentrated sulphuric acid, to destroy the carbonate, followed by 2 cc. of 50 per cent sodium hydroxid
